Mitochondria from Neurospora crassa, like mammalian mitochondria, carry out rapid, energy-linked K+ uptake and H+ release in the presence of valinomycin. The maximal rate of K+ uptake was about 1.0 ,umol/mg of mitochondrial protein per min and was seen at valinomycin concentrations in the range of 100 to 200 ,ug per mg of mitochondrial protein and at K+ concentrations of 4 mM or above. Uptake could be supported either by substrate oxidation or by adenosine 5'-triphosphate (ATP), and was inhibited in the former case by antimycin or cyanide, in the latter case by oligomycin, and in both cases by 2,4-dinitrophenol. Mitochondria from the cytochrome-deficient mutant poky carried out substratedriven K+ uptake at reduced rates, but oligomycin-sensitive, ATP-driven K+ uptake at rates about 60% greater than those shown by wild-type mitochondria. This result is consistent with the recent finding (Mainzer and Slayman, 1976) that poky contains elevated amounts of oligomycin-sensitive mitochondrial adenosine 5'-triphosphatase activity.
. The mechanism of valinomycin-stimulated K+ uptake and the way in which energy is coupled to this process have been actively debated. There is now considerable evidence that the primary transport process in mitochondria is an outward pumping of protons, driven either by respiration or by ATP and capable of generating a large electrochemical gradient (primarily a membrane potential, negative inside) (19, 20, 27) . Since valinomycin is well known to make biological membranes permeable to K+ (4, 23) , K+ uptake into mitochondria can readily be explained as a passive movement in response to the membrane potential. In fact, the distribution of K+ in the presence of valinomycin has been used to calculate the mitochondrial membrane potential, which can amount to nearly -200 mV (21) .
A major aim of the present work was to see whether this picture, which has been derived largely from studies on rat liver mitochondria, can be extended to mitochondria from the fungus Neurospora crassa. A previous report from our laboratory has shown that Neurospora mitochondria, like mammalian mitochondria, are relatively impermeable to small ions (such as K+, Na+, and Cl-) and nonelectrolytes (such as sucrose) (9) . The experiments described below were carried out to see whether Neurospora mitochondria also exhibit valinomycin-stimulated energy-linked K+ uptake.
At the same time, a comparison was made between the wild-type strain and poky, a cytoplasmically inherited mutant of Neurospora (17) . poky contains defective mitochondrial ribosomes (24) and abnormally low concentrations of cytochromes aa3, b, and cl (8, 12) . As a result, it shows a substantial decrease in electron transport through the cytochrome chain and in oxidative phosphorylation (8, 13, 14) . In our earlier study of mitochondrial permeability, poky mitochondria displayed a slight but significant increase in passive permeability to inorganic ions (9) . We thought it likely that abnormalities in energy-linked K+ uptake would be more pronounced and might yield additional information about the extent to which poky is defective in its energy-conserving ability. A (20) and poky strain NSX fa (24) were used in these experiments. f is a nuclear-gene suppressor of the poky mutation which increases the growth rate without restoring the wild-type respiratory system. (11) (12) (13) (14) 18) .
Methods for growing cells and isolating mitochondria have already been described (9, 12) .
Measurement of K+ and H+ fluxes and oxygen consumption. Experiments were carried out at 250C in a water-jacketed Lucite chamber containing 2.6 ml of medium composed of: 0.3 M sucrose; 15 mM tris(hydroxymethyl)aminomethane (Tris); 1 to 3 mM NaH2PO4; 0 to 4 mM KCl; and either substrate (3 mM pyruvate + 3 mM malate or 5 mM a-ketoglutarate + 1 mM malate) or ATP (1 mM), as indicated in the legends to Fig. 1 Figure 1 illustrates the behavior of wild-type mitochondria in a typical uptake experiment. Mitochondria were suspended in air-saturated incubation medium containing, in this case, pyruvate + malate as an energy source and 1 mM KCl. Under these conditions, the mitochondria respired (at a rate of 0.062 ,atoms/mg of protein per min; not shown in Fig. 1 ) and produced acid slowly (Fig.  1, bottom detectable K+ uptake ( Fig. 1 , top trace). At "a," valinomycin was added, with three nearly immediate effects: (i) K+ uptake began (the apparent lag of 3 to 4 s can be attributed in part to the cation-sensitive glass electrode, which in separate calibration experiments displayed a time constant of 1.5 to 2 s); (ii) at the same time, H+ release accelerated; and (iii) there was an 87% stimulation of 02 consumption (not shown in For accurate calculation of the initial rates of K+ and H+ movements, the data were replotted on a logarithmic scale (Fig. 1, inset) . In this particular experiment, the initial rate of valinomycin-stimulated K+ uptake was 0.366 ,umol/mg of protein per min, and the initial rate of H+ release was 0.125 ,umol/mg of protein per min (or 0.101 jumol/mg of protein per min after subtracting the base-line rate seen before the addition of valinomycin). This discrepancy-with K+ uptake exceeding H+ releasewas seen in all cases where permeant anions were present. The ratio of the initial rate of K+ uptake to the initial rate of H+ release averaged 1 To calculate the amount of intramitochondrial K+ before and after the valinomycin treatment, mitochondria were lysed at the end of each run with detergent (0.8% Triton X-100), a procedure that caused the K+ to be liberated into the medium, where it could be assayed by the cation-sensitive glass electrode. In the experiment shown in Fig. 1 Fig. 1 , except that the energy source was succinate (3 mM), the KCl concentration was 4.0 mM, and the amount of mitochondrial protein was 2.9 mg. Valinomycin was varied from 0 to 0.4 pg. The initial rates of K uptake (0) and H+ release (0) were determined from semilog plots of the data as shown in the inset of Fig. 1 . Dependence upon energy source. One of the most interesting properties of K+ uptake by mammalian mitochondria-and a property that has helped to focus attention on the role of the H+ electrochemical gradient in energy conservation-is the ability of K+ uptake to be driven either by substrate oxidation or by ATP. This property is shared by Neurospora mitochondria (Fig. 4 and 5) . With the valinomycin concentration held constant at 0.125 ,tg/mg of protein, and with K+ at 1 mM, wild-type mitochondria exhibited rapid K+ uptake with pyruvate + malate (Fig. 4 , lefthand portion) and with ATP (Fig. 5, lefthand portion) . The Fig. 4 except that the medium contained 0.9 mM ATP instead ofpyruvate + malate.
ATP was sensitive to oligomycin; and both were sensitive to the uncoupler DNP (Fig. 4 and 5) .
Valinomycin-stimulated K+ uptake by poky mitochondria. Mitochondria isolated from the poky mutant also displayed rapid K+ uptake and H+ release when treated with valinomycin ( Fig. 4 and 5 (Table 1 ). The implications of this finding are discussed in the next section.
DISCUSSION
One major outcome of the experiments described above is the demonstration that Neurospora mitochondria, like mammalian mitochondria, are capable of energy-linked K+ uptake in the presence of valinomycin. The two kinds of mitochondria show many similarities: maximal rates of K+ uptake (0.8 umol/mg of protein per min for Neurospora mitochondria at saturating valinomycin and K+ concentrations; 1.0 ,umol/mg of protein per min for rat liver mitochondria; 6); dependence upon valinomycin concentration (saturation reached between 100 and 200 ,g of valinomycin per mg of protein in both cases; 21); dependence upon K+ concentration (saturation at 4 to 5 mM K+; 5, 6, 16); ability of either substrate oxidation or ATP to provide energy (22, 25, 26) ; and effects of inhibitors such as antimycin, CN, and oligomycin and uncouplers such as DNP (22, 25, 26) . Thus, the phenomenon of energy-linked K+ uptake appears to be a general one, not restricted to the mitochondria of any particular phylogenetic group. This conclusion is supported by reports from several laboratories that yeast mitochondria take up K+ in the presence ofvalinomycin, although considerably more slowly than do Neurospora mitochondria (1, 7, 10 A second conspicuous feature of poky mitochondria is their relatively poor ability to use energy from substrate oxidation to drive K+ uptake. This is not a surprising result; earlier work from our laboratory has shown that, although poky mitochondria respire on pyruvate + malate nearly as well as do wild-type mitochondria (with average respiration rates of 0.45 and 0.55 ,tatoms of 0/mg of protein per min for the two strains; 13), much of the respiration proceeds via an alternate terminal oxidase that is not coupled to oxidative phosphorylation (11, 13) . Consequently, net P:O ratios (reflecting phosphorylation at sites II and III of the residual cytochrome chain) are low: 0.67 in poky compared with 1.59 in the wild-type (14) . In fact, the data from these experiments can be used to calculate how well poky can conserve energy from the oxidation ofpyruvate + malate when it is synthesizing ATP by multiplying the relative respiration rate of poky (0.45/0.55) by its relative P:O ratio (0.67/1.59). The result indicates that, according to the simplest possible hypothesis, poky might be expected to carry out K+ uptake linked to the oxidation of pyruvate + malate at 0.34 times the rate shown by wildtype mitochondria, a fraction somewhat lower than the one actually observed in the present experiments (0.56 times; Table 1 ). Such a discrepancy could arise in a number of ways. (i) The least interesting possibility reflects the fact that the conditions for the two kinds of experiments, although similar, were not identical; and it is conceivable that the partition of respiration between the alternate oxidase and the cytochrome chain and/or the efficiency of energy conservation linked to the cytochrome chain might vary according to the concentration of Tris, phosphate, Mg, or ethylenediaminetetraacetic acid in the medium. (ii) Alternatively, poky mitochondria may be altered in some property that affects either ATP synthesis or energy-linked K+ uptake preferentially. In this connection, it is interesting that if one assumes the elevated rate of ATP-driven K+ uptake in poky to reflect an increased area of inner membrane per unit mitochondrial protein (one of the possibilities discussed above), and if one then corrects the "expected" efficiency of substrate-driven K+ uptake by a factor to account for this increase (0.501/0.308, the ratio of ATP-driven uptake in poky to that in the wild type), the result (0.34 x 1.63 = 0.55) is very close to the relative rate of substratedriven K+ uptake actually observed in poky (0.56; see above). Direct measurements of the inner membrane area of the two types of mitochondria could reveal whether this hypothesis is correct.
